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Changes in the expression of ion channels, contributing to altered neuronal excitability, are emerging as possible mechanisms in the
development of certain human epilepsies. In previous immature rodent studies of experimental prolonged febrile seizures, isoform-
specific changes in the expression of hyperpolarization-activated cyclic nucleotide-gated cation channels (HCNs) correlated with long-
lasting hippocampal hyperexcitability and enhanced seizure susceptibility. Prolonged early-life seizures commonly precede human
temporal lobe epilepsy (TLE), suggesting that transcriptional dysregulation of HCNs might contribute to the epileptogenic process.
Therefore, we determined whether HCN isoform expression was modified in hippocampi of individuals with TLE. HCN1 and HCN2
expressionweremeasuredusinginsituhybridizationandimmunocytochemistryinhippocampifromthreegroups:TLEwithhippocam-
pal sclerosis (HS; n  17), epileptic hippocampi without HS, or non-HS (NHS; n  10), and autopsy material (n  10). The results
obtainedinchronichumanepilepsywerevalidatedbyexamininghippocampifromthepilocarpinemodelofchronicTLE.
In autopsy and most NHS hippocampi, HCN1 mRNA expression was substantial in pyramidal cell layers and lower in dentate gyrus
granule cells (GCs). In contrast, HCN1 mRNA expression over the GC layer and in individual GCs from epileptic hippocampus was
markedlyincreasedonceGCneuronaldensitywasreducedby50%.HCN1mRNAchangeswereaccompaniedbyenhancedimmuno-
reactivity in the GC dendritic fields and more modest changes in HCN2 mRNA expression. Furthermore, similar robust and isoform-
selectiveaugmentationofHCN1mRNAexpressionwasevidentalsointhepilocarpineanimalmodelofTLE.Thesefindingsindicatethat
theexpressionofHCNisoformsisdynamicallyregulatedinhumanaswellasinexperimentalhippocampalepilepsy.Afterexperimental
febrileseizures(i.e.,earlyintheepileptogenicprocess),thepreservedandaugmentedinhibitionontoprincipalcellsmayleadtoreduced
HCN1expression.Incontrast,inchronicepilepticHShippocampusstudiedhere,theprofoundlossofinterneuronalandprincipalcell
populations and consequent reduced inhibition, coupled with increased dendritic excitation of surviving GCs, might provoke a “com-
pensatory”enhancementofHCN1mRNAandproteinexpression.
Keywords:epilepsy;h-channels;Ih;dentategyrus;hippocampus;ionchannels;hyperpolarization-activatedcationchannels;pilocarpine;
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Introduction
Temporal lobe epilepsy (TLE) (i.e., spontaneous seizures involv-
ing the hippocampal formation) is the most prevalent of refrac-
tory epilepsies (Engel, 1993), but the mechanisms converting the
normal hippocampus into an epileptic one are not fully under-
stood. The hippocampus in many individuals with TLE is char-
acterized by cell loss in specific regions, most prominently CA1
and CA3/4, a pattern termed hippocampal (or mesial temporal)
sclerosis (HS). Whether loss of specific neuronal populations in
the “HS pattern” precedes and provokes epilepsy, or is a result of
recurrent seizures, has remained a focus of debate (Sutula and
Pitka ¨nen, 2002).
The very frequent (30–70%) history of prolonged febrile sei-
zures early in life in individuals with TLE and HS has led to the
notionthattheseseizuresmightcontributetothepathogenesisof
HS and TLE (Cendes et al., 1993; French et al., 1993) (for review,
see Baram et al., 2002). It has been suggested that these seizures,
or similar early-life “initial precipitating events,” provoke the
death of vulnerable hippocampal neurons leading to HS, which
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induced epileptogenesis with secondary cell loss, or a combina-
tion of these two processes (Dube ´ et al., 2000; Mathern et al.,
2002). To probe directly the mechanisms by which early-life sei-
zures might contribute to HS and TLE, an animal model of pro-
longed febrile seizures was created and characterized. In this
model, prolonged febrile seizures did not kill neurons but led to
transient neuronal injury in regions closely overlapping those
involved in human HS (Toth et al., 1998). Importantly, this ani-
mal model implicated long-lasting functional (K. Chen et al.,
2001) and molecular (Brewster et al., 2002) changes in the
hyperpolarization-activatedcyclicnucleotide-gatedcationchan-
nels (HCNs) as potential mediators in the pathogenesis of TLE.
ThesedatasuggestedthatthenormalormodifiedHCNchannels
mightbeinvolvedinepileptogenicor“compensatory”protective
mechanisms in the epileptic hippocampus (Walker and Kull-
mann, 1999). Therefore, the current study aimed to evaluate the
presenceandpotentialalterationsofHCNexpressioninepileptic
human hippocampus at the mRNA and protein levels. Because
hippocampi from individuals with long-term TLE and HS might
also reflect chronic or compensatory changes that are not related
to the epileptic process, HCN mRNA expression was also deter-
mined in an experimental model of chronic hippocampal
epilepsy.
MaterialsandMethods
Diagnosis assignment and tissue handling. Hippocampi were resected
frompatientswithintractableTLEwhowereevaluatedextensivelybefore
surgery, including history and neurological examinations, interictal and
ictal EEGs, and neuropsychological and intracarotid amobarbital tests
for memory and speech localization. Neuroimaging studies included
high-resolution magnetic resonance imaging with visualization of the
hippocampalformationand
18fluoro-2-deoxyglucosepositronemission
tomography(Engel,1993).Ifrequiredclinically,intracerebralelectrodes
determined the epileptogenic zone. Patients were assigned to the HS or
non-HS (NHS) groups on the basis of clinical, EEG, neuroimaging, and
pathologicalanalyses(Engel,1993;Mathernetal.,1997a).TheHSgroup
(n  17) consisted of patients without mass lesions but with a severely
damaged hippocampus on imaging and neuropathological assessment
including cell counts. These individuals generally had onset of seizures
duringchildhood.NHSpatients(n10)hadamacroscopicmasslesion,
suchasatumor(n4),traumaticscar(n1),orcavernousmalforma-
tion (n  1), or had nonlesional cryptogenic TLE (n  4). Cell loss in
NHS hippocampi was generally less severe than that in HS tissue. Au-
topsy hippocampi (n  10) from individuals without known neurologic
disease were obtained 3–11 hr postmortem (6.6  0.75). None showed
macroscopic signs of cerebral pathology.
Hippocampal specimens that were cut transverse to the anterior–pos-
terior axis were immersion-fixed in fresh phosphate-buffered 4% para-
formaldehyde (PFA) for 24–48 hr, cryoprotected, and then cryostat-cut
(30 m) and mounted on Superfrost-Plus slides (Fisher Scientific, Pitts-
burgh, PA) for cell counts, in situ hybridization (ISH), and immunocy-
tochemistry (ICC). Tissue was protected from RNase contamination,
and all procedures were approved by the appropriate institutional
committees.
Induction of experimental chronic TLE and tissue handling. Established
protocols, approved by the local Animal Care and Use Committee, were
used to induce status epilepticus (SE) in rats (Cavalheiro et al., 1991).
Briefly,maleWistarrats(150–200gm)wereinjectedwithasingledoseof
pilocarpine (340 mg/kg i.p.). Peripheral muscarinic effects were reduced
bypreviousadministrationofmethyl-scopolamine(1mg/kgs.c.;30min
before injecting pilocarpine). Approximately 80% of the injected rats
experienced SE. Diazepam (0.1 mg/kg s.c.) was administered to all ani-
mals 40 min after onset of SE, which terminated the convulsions and
sedated all animals. The animals required special care until they recov-
ered from the acute insult and were closely tended, hydrated, and fed in
the laboratory. A group of age-matched rats was treated identically but
wassubstitutedsalineinjectionforpilocarpineinjections.Thisgroupwas
usedasthecontrolgroup.Aftertreatment,animalsweremonitoreddaily
forthedevelopmentofspontaneousseizures.Within2–4weeksafterthis
treatment, all rats that experienced SE developed a chronic epileptic
conditionexpressedas2–4spontaneous“limbic”seizures(characterized
by chewing, head nodding, forelimb clonus, rearing, and falling) per
week. Animals were killed 30 d after treatment and their brains were
rapidlyremovedandimmediatelyfrozenoverliquidnitrogenandstored
at 80°C until additional use.
In situ hybridization: nonradioactive and quantitative (radioactive).
Both nonradioactive and semiquantitative radioactive ISH were used.
The former provides clear visualization of mRNA expression in single
neurons but does not provide quantitative measures (Bender et al.,
2001). The latter has been extensively standardized in our hands to per-
mit relative quantitative analyses (Brunson et al., 2001; Brewster et al.,
2002).
For all ISH procedures, HCN antisense- and sense-riboprobes were
generated from transcription vectors containing cDNA of mouse HCN1
(generous gift from Dr. M. Biel, Technische Universita ¨t, Munich, Ger-
many) (Ludwig et al., 1998) or HCN2 (courtesy of Dr. Bina Santoro,
Columbia University, Columbia, NY) (Santoro et al., 2000). These are
highly homologous to the respective cDNA regions of human HCNs
(91–96% for HCN1; 90% for HCN2; GenBank accession numbers
AF488549.1 and AF064877, respectively). For nonradioactive ISH,
probes were labeled with digoxigenin (DIG; 3.5:6.5 DIG–UTP/UTP),
and ISH was performed according to protocols published previously
(Bender et al., 2001; Brewster et al., 2002) with minor modifications:
slide-mounted frozen sections were brought to room temperature, air-
dried, and refixed in 4% PFA for 20 min. After fixation, slides were
dehydrated and rehydrated through graded ethanols, transferred to 2
SSC, and then hybridized. Briefly, after prehybridization, sections were
exposedtoasolutioncontainingtheDIG-labeledRNAprobesfor12hr
at55°Cinahumidchamber.Afterhybridization,sectionsweresubjected
to washes of increasing stringency, including 2 SSC at room tempera-
turefor15minand0.2SSCat55°Cfor60min.Hybridmoleculeswere
detected with an anti-DIG serum tagged with alkaline phosphatase
(Bender et al., 2001; Y. Chen et al., 2001).
Radioactive ISH was performed as published previously (Brewster et
al., 2002). Briefly, probes were labeled with [
35S]-CTP to specific activi-
ties of 3.2–5.9  10
7 cpm/g. Slides were treated as described above,
except that incubation in 0.25% acetic anhydride in 0.1 M tri-
ethanolamine, pH 8.0, for 8 min followed the last rehydration step. Sec-
tions were then dehydrated again, air-dried, and prehybridized for 60
min at 55°C (Brewster et al., 2002). After hybridization (at 55°C) and
RNase digestion, sections underwent successive washes (at 55°C), the
most stringent in 0.1 and 0.03 SSC for 1 hr each. Sections were
dehydrated through 100% ethanol and apposed to film (Biomax MR;
Kodak, Rochester, NY) for up to 2 (HCN1) or 3 (HCN2) weeks. For
analysisatthesinglecelllevel,sectionswerealsodippedinNTB2nuclear
emulsion (Kodak) and exposed for 4–6 weeks. The specificity of the
HCNmRNAhybridizationsignalandtheisoformselectivityoftheHCN
probes have been established (Bender et al., 2001; Brewster et al., 2002).
Quantitative analysis of ISH signal. Relative quantitative analysis of
HCN mRNA levels was accomplished using radioactively labeled ISH
probesandC
14calibrationstandardsunderconditionsofsignallinearity
(Brunson et al., 2001). Briefly, digitized images of each section were
acquired using a Studio Star scanner (1200  1200 dots per inch; Agfa,
Ridgefield, NJ) and analyzed using the ImageTool software program
(version 1.25; University of Texas Health Science Center, San Antonio,
TX). Densities were corrected for background and expressed in nCi/gm.
Two sections per individual were analyzed, and the average was used for
group analyses (Brewster et al., 2002). Expression of HCN mRNA “per
cell” was calculated as: [mRNA, in nCi/gm]/[cell number/mm
3], with
the assumption that the density of brain tissue is 1. The results are
conveyed as pCi/10
3 cells.
Immunocytochemistry. ICC was modified from published procedures
(Y.Chenetal.,2001;Brewsteretal.,2002).Briefly,slide-mountedfrozen
sections were thawed, refixed in 4% PFA (20 min), and dehydrated and
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trieval, sections were incubated in 10 mM Na-
citrate, pH 9.0, at 80°C for 30 min (Jiao et al.,
1999). After cooling, sections were quenched
with 0.3% H2O2 and immersed in 0.01 M PBS
containing 0.3% Triton X-100 (PBS-T), 0.2%
SDS,1%bovineserumalbumin(BSA),and2%
normal goat serum for 1 hr to block unspecific
binding sites. HCN1-antiserum (rabbit anti-
HCN1; 1:2000; Chemicon, Temecula, CA) was
added to the solution for4da t4 °C, and anti-
body binding was detected using standard avi-
din–biotin complex methods (Y. Chen et al.,
2001). Briefly, after washes with PBS-T, slides
were incubated with biotinylated goat-anti-
rabbitIgG(1:250;4hr;roomtemperature;Vec-
tor Laboratories, Burlingame, CA). Avidin–bi-
otin–peroxidase complex solution was applied
(2 hr; Vectastain Elite-Kit, Vector Laborato-
ries), and antibody binding was visualized by
incubating the sections in 0.04% 3,3-
diaminobenzidine containing 0.01% H2O2,
0.01% CoCl2, and 0.01% NiCl2. The specificity
of the reaction was evaluated by omitting the
primary antibody from the solution, leading to
completelossofsignal.Toconfirmandamplify
the data, freshly resected human hippocampi
(n  4) were also subjected to ICC. Here, free-
floatingsectionsderivedfromimmersion-fixed
cryoprotected frozen tissue were processed
through 0.3% H2O2 (30 min) and the preincu-
bationsolution(PBS-Tcontaining1%BSAand
2% normal goat serum) for 1 hr. Sections were
exposed to anti-HCN1 (1:2000) or anti-neuronal-specific nuclear pro-
tein(NeuN)antiserum(mouseanti-NeuN,1:2000;Chemicon)for48hr
at 4°C, and the presence of antigen was visualized as described above.
Hippocampal neuron densities: counts and analysis. Cell count proce-
dures followed published protocols (Mathern et al., 1997b). Briefly,
countswereperformedwithoutknowledgeofdiagnosisat400usingan
ocular grid. For stratum pyramidale, 20 boxes in sequential 2  2 box
segments (104  1040 m) were selected; for the smaller granule cells, a
linear15boxwasused(52260m),andcountsoverfoursuchareas
(bothtopandbottomgranulecellblades)wereaveraged.Neuronalden-
sitieswerecomputedas:N(neurons/mm
3)A[M/(LM)]dividedby
the volume of the sampling area (10 m  area of grid), where A is the
number of counted nuclei, L is the average length of the nucleus, and M
is the section thickness (Mathern et al., 1997b). The results reflect esti-
mates of the number of neurons per unit volume (i.e., packing density)
and not “absolute” calculations of total neurons per hippocampus. Be-
cause stereological methods for estimating total neurons require avail-
ability of the entire hippocampus, they are not feasible for surgical spec-
imens (West, 1999). However, because tissue from all groups was
similarlyprocessedandevaluated“blindly,”statisticaldifferencesinneu-
ron densities are accepted as valid in surgically collected material (Aber-
crombie,1946;Mathernetal.,1997b).Forrathippocampi,similarmethods
were followed, as described in detail previously (Brunson et al., 2001).
Results
Characteristicsofpatientsandhippocampal specimens
Table1summarizestheclinicalcharacteristicsoftheautopsyand
TLE individuals (HS and NHS). For evaluation of the potential
relationship between early life seizures (and other predisposing
factors)andthedevelopmentofTLEplusHS,thetableillustrates
that, among individuals with TLE plus HS, such initial precipi-
tating events were elicited in 13 (76.4%) and consisted of pro-
longed/febrile seizures in nine (53%). In contrast, individuals
withTLEwithoutHSwerelesslikelytohaveanidentifiableinitial
precipitating event (2 of 10) and specifically prolonged seizures
(0 of 10). Other parameters (age, duration of epilepsy) did not
distinguish the two groups. As expected, autopsy material was
derived from somewhat older individuals, but age did not corre-
late with HCN mRNA expression.
Cell loss was found in hippocampi from HS patients, conso-
nant with published reports (for review, see Armstrong, 1993,
Mathern et al., 1997a). As shown in Figure 1, neuronal densities
inHShippocampiwerereduced,particularlyinCA1(77%),CA4
(60%), and the granule cell (GC) layer (GCL) (42%), compared
with the autopsy group. Counts in NHS hippocampi did not
differ significantly from those of autopsy-derived tissue.
HCN1expressionpatternsinthehuman
hippocampal formation
AnovelfindingofthisstudywasthedemonstrationofHCN1and
HCN2mRNAexpressioninspecificneuronalpopulationsofthe
human hippocampal formation. In hippocampal tissue derived
from autopsies, robust HCN1 mRNA signal was evident
throughout the CA pyramidal cell layer (Figs. 2A,F,G,3A,C), as
well as in hilar neurons of the dentate gyrus (Figs. 2A,D,3 E). In
contrast,thewellpreservedGClayer(Figs.2A,D,3E,4A,D)and
individualGCs(Fig.4F)expressedrelativelylittleHCN1mRNA.
This mRNA expression pattern resembles that described for
HCN1 in rodent hippocampus (Moosmang et al., 1999; Santoro
et al., 2000; Bender et al., 2001), with the exception that the in-
creased mRNA expression of the channel in CA1 compared with
CA3 pyramidal cell layers was not apparent in the human. For
HCN2mRNA,therelativelyhomogenousmodestexpressionlev-
els in CA1, CA3, and the GC layer of human autopsy hippocam-
puswererathersimilartorodentstudies(Fig.5A)(cf.Moosmang
et al., 1999; Bender et al., 2001).
HCN1 mRNA levels in 9 of 10 NHS hippocampi generally
resembled autopsy material; HCN1 mRNA was expressed
Figure1. Neuronaldensitiesinhippocampalfieldsinvolvedintheneuropathologyofhippocampalsclerosis.A,CA1.B,CA4
(correspondingtoCA3cintherodent).C,GCLofthedentategyrus.Neuronalcountsandanalyseswereperformedasdescribedin
MaterialsandMethods.Asevidentfromthefigure,whereasspecimensfromepilepticindividualswithouthippocampalsclerosis
(NHS)hadneuronaldensitiescomparablewiththoseofautopsyspecimens(AUT),significantreductionswerenotedintheHS
tissue.ValuesaremeansSEMfrom10AUT,10NHS,and17HShippocampi.CA,Cornuammonis.Asterisksindicatestatistical
significance.
Table1.ClinicalcharacteristicsofautopsyandTLEindividuals
Parameter
Autopsy
(n10)
Temporallobeepilepsy
Non-HS(n10)
Hippocampalsclerosis
(n17) pvalue
Ageattissueharvest 455.2 34.92.4 34.22.3 p0.05forall
pairgroups (yearsSEM)(range) (21–70) (26–49) (18–49)
Ageofseizureonset NA 19.62.1 14.53.1 p0.25
(yearsSEM)(range) (10–32) (3–40)
Seizureduration
a NA 15.33 18.82.4 p0.38
(yearsSEM)(range) (2–37) (4–35)
Initialprecipitatingevent NA 2 13(9prolongedseizures)
Gender(male:female) 5:5 5:5 11:6
Hippocampusside(right:left) 4:6 7:3 10:7
NA,Notapplicable;pvaluescomputedusingANOVA(ageatharvest)orStudent’sttest(ageofseizureonsetanddurationofseizures).
aSeizuredurationcalculatedastime(inyears)betweenonsetofhabitualseizuresandhippocampalresection.
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indicated that the mRNA expression in CA1 and the GC layer
(Figs.4B,D,6)aswellasinindividualGCs(Fig.4F)didnotdiffer
significantly from those of autopsy material (analysis in CA3 was
incomplete because the region was absent or only partially in-
cludedinmanyspecimens).Asintheautopsymaterial(Figs.2D,
3E), HCN1 mRNA signal was relatively robust over the pre-
served, abundant hilar neurons (data not shown).
HCN1 expression pattern, at both mRNA and protein levels,
was strikingly different in HS epileptic hippocampus. In CA1
pyramidal cell layer, where cell loss was profound in virtually all
specimens(mean,77%)(Figs.1,2C,3B,D),overallmRNAsignal
tended to be lower. In addition, nonradioactive ISH suggested
that signal over the pyramidal cell layer was at least partially at-
tributable to HCN1 mRNA expression in the nondestroyed in-
terneurons (Babb et al., 1989). Particularly striking was the ro-
bustmRNAexpressionofHCN1inthedentategyrusGClayerof
some HS specimens. Qualitative analysis suggested that HCN1
mRNA expression was most pronounced in specimens demon-
strating abnormal contour of the GC layer (Fig. 2C), with visible
reduction of neuronal densities (Fig. 3F) (see below). Finally,
human hippocampus with the characteristic HS pathology was
almost devoid of HCN1 mRNA-expressing hilar neurons (inter-
neuronsandmossycells),likelyreflectingdepletionoftheseneu-
ronal populations (Figs. 2E,3 F).
Thisregionandcell-type-specificHCN1mRNAexpressionin
each of the three groups helped exclude reduced tissue preserva-
tion or RNA stability in the autopsy material as potential con-
founders. This is consistent with previous studies of mRNA sta-
bility in simulated postmortem conditions (Johnson et al., 1986)
and with our finding of excellent signal preservation in rat hip-
pocampus that was treated to simulate the surgical procedures
(data not shown). The region-specific HCN1 mRNA levels in all
three experimental groups also excluded differential probe ac-
cess/penetration among these groups (e.g., attributable to differ-
ing lengths of exposure of the tissue to aldehyde fixatives).
UpregulationofHCN1mRNAexpressioncorrelateswith
substantialcell loss
Quantitative analysis of the HS group of epileptic hippocampi
revealed two patterns of GC layer integrity and HCN1 mRNA
expression.IntherelativelyintactGClayer,whereneuronalden-
sities were maintained at approximately 50% of those in au-
topsy material (termed “mild” HS for the purpose of these anal-
Figure2. A–C,HCN1mRNAexpressionpatternsinhippocampalsectionsfromautopsy(AUT)material(A),anindividualwithTLENHS(B),andapatientwithTLEplussevereHS(50%cellloss
indentategyrus)(C).InsituhybridizationusingradioactivelylabeledHCN1cRNAprobeswasperformedandanalyzedblindly(seeMaterialsandMethods).TheoverallHCN1mRNAexpression
patternwassimilarinAUTandNHShippocampi,withprominentmRNAsignaloverneuronsinallCAsubfieldsandalowsignalovertheGCL(arrowheads).HCN1mRNAexpressionpatternwas
strikinglydifferentinhippocampiwithsevereHS;thesignalwasstronglyincreasedovertheGCLdespitesubstantialGCloss(seeFig.4).HCN1mRNAexpressionwasrelativelylowinCA1andCA4
(denotedbyanasterisk),wherecelllosswasprofound.D,E,Dark-fieldphotomicrographsshowingHCN1mRNAsignalinAUTdentategyrus(D)andthecorrespondingregionfromanindividualwith
severeHS(E).InAUTsections,HCN1mRNAexpressionwasclearlyvisibleoverhilarneurons(arrows)andGCL.E,InepilepticHShippocampus,thehilarneuronswerenotvisible(andaretypicallylost),
whereasrobustsignalwasfoundovertheGCL.F,G,StronglyHCN1mRNA-expressingneuronsinCA1ofanAUThippocampus(arrows)demonstratedthatthelowHCNsignalinAUTGCLisnot
attributabletotissueorRNAdegradation.Notethat,forquantitativeanalyses,opticaldensityoffilmautoradiographs,ratherthangraincountsorsize,havebeenused.Scalebars:A–C,250m;D,
E,30m;F,G,10m.CA,Cornuammonis;Sub,subiculum;H,hilus.
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most NHS hippocampi. However, when neuronal densities were
reduced to 	50% of those in autopsies (“severe” HS), a drastic
upregulation of HCN1 mRNA expression occurred in the GC
layer (Figs. 2C,E,4 C–F).
Despite the profound GC loss, aggregate HCN1 mRNA levels
overthesevereHSGClayerexceededthoseintheautopsy,NHS,
and mild HS groups ( p 	 0.0001; ANOVA; p 	 0.01 vs all other
groups; Bonferroni’s post hoc test). The basis for this strong
HCN1 mRNA signal was a dramatic increase of HCN1 mRNA
expression in surviving individual GCs (Fig. 4F). As shown in
Figures 2E and 3F, the single-cell resolution of radioactive
emulsion-dippedISH,aswellasthenonradioactiveISHmethod-
,permittedvisualizationofincreasedHCN1mRNAsignalincells
located well within the GC layer (rather than over eccentrically
situated GABAergic basket cells).
HCN1 expression changes at the mRNA level were accompa-
nied by enhanced HCN1 protein signal. As shown in Figure 7,
littleimmunoreactiveHCN1wasvisibleintheGCandmolecular
layers(MLs)ofthedentategyruswithminimalGCloss[mildHS
(Fig. 7C); the GC layer is delineated by the neuronal marker
NeuN (Fig. 7A)]. In contrast, in epileptic dentate gyrus with se-
vereGCloss,HCN1immunoreactivitywasprominentwithinthe
dendritic fields of the GCs in the ML (Fig. 7D; the irregular,
depleted GC layer is shown in 7B), and signal was more robust
also within the GC layer (Fig. 7, compare C, D). Although the
human material did not permit formal quantification of the im-
munoreactivity,thedatastronglysuggestedthatincreasedHCN1
expressionatthemRNAlevelalsoresultedinaugmentedprotein
expression. Notably, the correlation of GC loss and HCN1
mRNA levels also persisted in the single NHS hippocampus with
50% reduction in GC density (compared with autopsy) (Fig.
4B). This finding suggests that this severe GC loss might be a
causalvariableinthemechanismofHCN1mRNAupregulation,
or, at a minimum, this severe cell loss might be a surrogate
marker of the underlying cause.
HCN1mRNAexpressionintheCA1pyramidalcell layer
To determine whether increased HCN1 mRNA in the GCL and
per individual GC was specific to this neuronal population, we
evaluated HCN1 mRNA levels also in the CA1 pyramidal cell
layer.Here,HCN1mRNAlevelstendedtobelower(43.539.54
vs 77  27.49 nCi/gm in HS and NHS, respectively), a difference
notreachingstatisticalsignificance(Fig.6).Additionalexamina-
tionofthecellsexpressingHCN1mRNArevealedtwoimportant
facts. First, the cell loss in this layer was profound (Fig. 1), and
quantitative per-cell mRNA analysis in the face of profound
(77%)reductionincellnumbers(thedenominator)canleadto
artifactual results (Mathern et al., 1999). Furthermore, visual in-
spection suggested that much of the HCN1 mRNA signal ap-
peared over the intact interneurons rather than over the few re-
maining pyramidal cells (Fig. 3D). For these two reasons, we
relied on qualitative analysis (Fig. 3, compare C, D) that failed to
support upregulation of HCN1 mRNA expression in individual
surviving CA1 pyramidal cells and suggested that the signal in
CA1 pyramidal cell layer emanated from HCN1 mRNA expres-
sion in the interneurons. Compared with the findings in the GC
layer, these results support the notion of a specific increase of
HCN1 mRNA levels in individual GCs in HS hippocampus with
severe cell loss.
Inthehuman,theincitingcauseforthesealterationsofHCN1
mRNAexpressionwasdifficulttodetermine.Althoughthesevere
granule cell loss (perhaps implying concurrent loss of inhibitory
interneuronsoramoredisruptedhippocampalcircuit)mightbe
Figure3. DifferentialexpressionofHCN1mRNAinspecificregionsofhippocampalformationfromautopsy(AUT)andsevereHSepileptictissue.ThedistributionofHCN1mRNA-expressing
individualneuronsintheCA1–CA2region(A–D)andthedentategyrus(E,F)isdemonstratedusingnonradioactiveinsituhybridization(seeMaterialsandMethods).Low-magnificationviews
(A,B)showrobustHCN1mRNAsignalinCA1pyramidalcells(aswellasinstratumoriensinterneurons;arrows)ofautopsy-derivedhippocampus(A)comparedwithsparserHCN1-expressingcells
(anddrasticreductionofneuronaldensity;Fig.1)inepilepticsclerotichippocampus(B).C,D,HighermagnificationdemonstratesreducedHCN1mRNAsignalovertheCA1pyramidalcelllayerinHS
(D) compared with AUT (C) tissue. Signal over individual remaining pyramidal cells is faint, whereas strong HCN1 mRNA expression is observed in presumed interneurons bordering the layer
(arrows).E,F,ComparedwithAUTdentategyrus(E),GCLfromHShippocampus(F)isdepleted,yetHCN1mRNAexpressionisclearlyapparentinremainingneuronslocatedwellwithintheGCL
(arrows).HCN1mRNA-expressinghilarneurons(E,arrowheads)arevirtuallyabsentintheepilepticsevereHSmaterial(F).Scalebars:A,B,150m;C–F,30m.CA,Cornuammonis;H,hilus.
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that led to the development of the TLE plus HS in the first place
could not be excluded. Therefore, we reasoned that if the en-
hancedHCN1mRNAexpressioninsurvivingGCsresultedfrom
parameters associated with this severe chronic epileptic state,
then it should also be evident in experimental models of human
TLE plus HS.
HCN1mRNAexpressionisupregulatedinGCsof
experimentalTLEandcorrelateswithneuronal loss
Because controlled prospective and mechanistic studies in hu-
man material are limited, we chose to study HCN1 mRNA ex-
pression in pilocarpine-treated animals, a model that closely re-
produces human chronic hippocampal epilepsy (Cavalheiro et
al., 1991; Brooks-Kayal et al., 1998). As shown in Figure 8A,
strongHCN1mRNAexpressionwasevidentovertheGClayerin
chronically epileptic (i.e., having spontaneous seizures) animals,
compared with the control group (Fig. 8B)(p 	 0.05; n  5
controls, 4 pilocarpine-treated). These findings indicate that in-
creased HCN1 mRNA expression is not unique to human TLE
plusHSbutrepresentsaconsequenceofspecificfactor(s)thatare
inherent in chronic hippocampal epilepsy with similar cell loss.
Cell count analyses indicated that HCN1 mRNA in epileptic
GC layer was associated with significant reduction of GC density
(Fig. 8C). In agreement, the single pilocarpine-treated rat with
blunted increase of HCN1 mRNA levels over the GC layer was
found to have less cell loss (data not shown). Interestingly, a
striking depletion of neurons in the dentate gyrus hilus (pre-
sumed interneurons and mossy cells) was found in the pilo-
carpine group. Thus, whereas a 20% reduction occurred in the
GC layer, a 56% depletion was observed in the hilus. This close
association of GC and hilar cell loss is consistent with the notion
that profound principal cell loss in the human hippocampus
might be a marker of destruction of hilar cell populations, and
that the latter might play a key role in altering HCN1 mRNA
expression.
IsoformspecificityofalteredHCN1mRNAexpressionin
chronicallyepileptichippocampal neurons
The subunit composition of HCN channels influences the prop-
erties of neuronal Ih currents, including their voltage-dependent
activation kinetics and gating by cAMP (Franz et al., 2000; San-
toroetal.,2000;VasilyevandBarish,2002).Furthermore,differ-
ential regulation of HCN1 and HCN2 mRNA expression has
beendemonstrated(Benderetal.,2001;Bra ¨ueretal.,2001;Brew-
steretal.,2002).Therefore,havingdeterminedalteredexpression
of HCN1 mRNA, we studied the presence and regulation of
HCN2 mRNA expression in the three groups of human hip-
pocampiaswellasinthepilocarpineexperimentalmodelofTLE.
In the human, HCN2 mRNA expression was low throughout
the hippocampal formation compared with HCN1 mRNA levels
(compare Fig. 5A,B with Figs. 2, 4). Within the GC layer, al-
though overall mRNA signal did not increase even in severe HS,
comparedwithmildHSorNHSandautopsymaterial(Fig.5B),a
statistically significant (80%) enhancement of HCN2 mRNA ex-
pression per cell was noted [Fig. 5C; compare with a 501% in-
crease of HCN1 mRNA in corresponding groups (Fig. 4F)]. In
therat,HCN2mRNAlevelsweresignificantlyreducedintheGC
Figure4. ExpressionlevelsofHCN1mRNAinhumandentategyrusGClayercorrelatehighlywithreducedneuronaldensities.ThetoppanelsshowHCN1mRNAexpressionlevels(determined
using quantitative in situ hybridization analysis) in individual specimens, plotted against GC layer neuronal density values. Hippocampi from autopsies (AUT) (A), epileptic individuals without
hippocampalsclerosis(NHS)(B),andthosewiththesclerosispattern(HS)(C)werecompared.AutopsyandNHStissueswerecharacterizedbysimilarneuronaldensitiesandrelativelylowHCN1
mRNAsignal.Incontrast,amongHShippocampi,astrikingincreaseofHCN1mRNAexpressioncorrelatedwitha50%reductionofcelldensitiestobelow80,000permm
3(C).Therefore,this
groupwasdichotomizedintomild(50%celldensities,comparedwithAUT)andsevereHS.D,MeanSEMofHCN1mRNAlevels(righty-axis)intandemwithcorrespondingmeancelldensities
inGClayer(lefty-axis)ofthethreehippocampigroups.CelllossinHSGClayerwassignificantcomparedwiththeautopsygroup(*),butHCN1mRNAsignalwasnotcorrespondinglyreducedinthe
groupasawhole.E,WithintheHSgroup,HCN1mRNAlevelsinthedepletedGClayeroftheseveresubgroup[inwhichcellnumberwassignificantlylowerthaninthemildHSgroup(*)]were
significantlyhighercomparedwithtissuewithminimalGCcellloss(**p0.0065;Student’sttestwithWelch’scorrection).F,ThebasisfortheaugmentedHCN1mRNAlevelsinsevereHS(absolute
levelsexceededthoseintheAUTandNHSbrains;p0.03)wasthesignificant(*)upregulationofHCN1mRNAexpressioninindividualGCscomparedwithper-cellmRNAexpressioninAUT,mild
HS,orNHSepileptichippocampus.
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expression per individual GC did not dif-
fer among experimental groups (Fig. 5D).
Together, these data indicate that in both
human and rodent chronic TLE hip-
pocampus, changes in HCN2 mRNA ex-
pressionarerelativelymodestinthefaceof
severe cell loss, compared with the strong
upregulation of HCN1 mRNA levels.
Discussion
The studies reported here indicate the fol-
lowing: (1) HCNs, specifically HCN1 and
HCN2 mRNAs, are expressed in human
hippocampus; (2) HCN1 mRNA and pro-
tein expression is increased in surviving
GCs of epileptic HS hippocampi with se-
vere GC cell loss; (3) increased GC HCN1
mRNA levels also occur in an experimen-
tal model of chronic hippocampal epi-
lepsy, showing GC as well as profound hi-
lar neuronal loss. These findings suggest
thatupregulationofHCN1mRNAexpres-
sion may be driven by the altered inhibi-
tory and excitatory circuitries of the den-
tate gyrus, perhaps as a compensatory
response.
StructureandfunctionofHCNisforms
inthe hippocampus
This study demonstrates the expression of
two HCN isoforms in human hippocampal
formation. HCNs mediate hyperpolarization-
activated (Ih) currents in the heart (DiFrancesco, 1993) and brain
(Pape, 1996). In the hippocampus, these h-currents contribute to
regulating neuronal membrane potential (Lupica et al., 2001) and
shapingrhythmicneuronalactivity(MaccaferriandMcBain,1996).
Short-termmodulationofHCNfunctioninvolvescAMPbindingto
the channel’s C terminal, intracellular domain (Wainger et al.,
2001), influencing channel kinetics and voltage-dependent activa-
tioncurves(DiFrancesco,1993;Waingeretal.,2001).Morerecently,
long-termmodulationofthepropertiesofh-currentshasbeensug-
gested to result from the regulation of the channels at the transcrip-
tional level (Bra ¨uer et al., 2001; Brewster et al., 2002).
HCN channels are encoded by four characterized genes, two
of which (HCN1 and HCN2) are substantially expressed in adult
rodent hippocampus (Moosmang et al., 1999; Santoro et al.,
2000; Bender et al., 2001). In vivo, four HCN molecules of the
same isoform type probably assemble to form homomeric HCN
channels. HCN1, encoding fast-kinetics channels with modest
cAMPgating,ishighlyexpressedinhippocampalpyramidalcells
and CA1 interneurons (Santoro et al., 2000; Bender et al., 2001;
Brewsteretal.,2002).TheIhcurrentsoftheseneuronshavebeen
implicated in maintenance of resting membrane potential (Lu-
pica et al., 2001), synchronized network activity (Magee, 1999;
but see Buhl et al., 2002), and “dampening” the effects of den-
dritic excitation (depolarization) on somatic output (Magee,
1998; Poolos et al., 2002). In contrast to HCN1, the HCN2 gene
encodesachannelwithslowerkineticsandrobustcAMP-evoked
shifts in voltage dependence (Ludwig et al., 1998; Santoro et al.,
1998, 2000). This channel is highly expressed in pacemaker cells
(e.g., in thalamus and heart), where it likely contributes critically
totheprovocationofrepetitiveneuronalfiring(Pape,1996;San-
toro et al., 2000; Ludwig et al., 2003). The function(s) of the
h-currents in GCs, encoded by modest levels of HCN mRNA
expression (Santoro et al., 2000; Bender et al., 2001), have not
been fully resolved (Chevaleyre and Castillo, 2002; Mellor et al.,
2002).
Because the isoform composition of HCN channels deter-
mines their physiological responses (S. Chen et al., 2001; Ulens
Figure5. HCN2mRNAexpressioninhumanandratepileptichippocampusislowerandlessinfluencedbytheepilepticstate
andtheassociatedcelllosscomparedwithHCN1.A,Autoradiographsofsectionssubjectedtoinsituhybridizationusingprobesfor
HCN2mRNArevealingthat,incontrasttoHCN1,expressionofthisisoformisgenerallylowerandisnotvisiblyincreasedoverthe
GCL(arrowheads)oftheepilepticHShippocampus.TheHSsection(bottom)wasderivedfromthesameindividualshowninFigure
2C.B,QuantitativeanalysisofHCN2mRNAexpressioninautopsy-derived(AUT)andepilepticdentategyruswith(HS)orwithout
(NHS)hippocampalsclerosis.TheHSgroupwasalsodividedintosevereandmildgroupsonthebasisoftheextentofneuronalloss
(seeFig.4).OverallHCN2mRNAlevelsintheGCL(righty-axis)didnotvarysignificantlywithcellnumbersordiseasestate(left
y-axis),incontrasttoHCN1mRNA(seeFig.4E).AsterisksindicatereducedcellscomparedwithAUT.Cdemonstratesamodestbut
significant increase in the overall low HCN2 mRNA per-cell expression in severe HS GCs. D, In the rat, HCN2 mRNA levels were
significantlyreducedintheGClayerofepileptichippocampus,butexpressionperindividualGCdidnotdifferamongexperimental
groups.Scalebar,200m.CA,Cornuammonis;Sub,subiculum.
Figure6. HCN1mRNAexpressionintheCA1pyramidalcelllayerofthreegroupsofhuman
hippocampi.HCN1mRNAsignal(hatchedbars,righty-axis)iscoplottedwithCA1pyramidalcell
layer neuronal densities (solid bars, left y-axis). The autopsy (AUT) tissue is compared with
epileptic hippocampus with (HS) or without (NHS) sclerosis. A drastic (*) reduction of CA1
neuronaldensitiesisfoundinHShippocampusandisaccompaniedbyatendencytolowerHCN1
mRNAlevels.AsshowninFigure3D,theHCN1mRNAsignaloverthedepletedHSpyramidalcell
layeroriginates,atleastpartially,fromthepreservedinterneuronalpopulations.Itshouldbe
notedthatmassivecelllossinCA1wasfoundinspecimenswitheithermildorseverereduction
ofGCdensitiessothattheHSgroupistreatedhereasasinglepopulation.CA,Cornuammonis.
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be expected to contribute to properties of the h-current of an
individual neuron (Franz et al., 2000; Santoro et al., 2000; Vasi-
lyevandBarish,2002).Therefore,selectiveordifferentialregula-
tion of HCN subunit mRNA expression during pathological
states,ifleadingtoalteredproteinlevelsandmembraneinsertion
offunctionalchannels,mightcontributetoalteredneuronalrest-
ing membrane potential and responses to both inhibitory and
excitatory network inputs.
Seizure-inducedHCNchannelregulationintheabsenceof
celllossandwithpreserved inhibition
We demonstrated previously that prolonged early-life experi-
mentalseizuresmodulatetheexpressionofHCNgenes(Brewster
etal.,2002).InCA1neuronsexpressingmultipleHCNisoforms,
the seizures induced a coordinated reduction of HCN1 mRNA
expressionandenhancementofHCN2mRNAexpression(Brew-
ster et al., 2002). This reduction of HCN1 mRNA expression
occurred in the presence of augmented presynaptic inhibitory
input onto the CA1 pyramidal cells (Chen et al., 1999). Neither
principal cells (Toth et al., 1998) nor vulnerable interneuronal
populations are lost in this model of early epileptogenesis
(Bender et al., 2003). Thus, the observed selective downregula-
tion of HCN1 mRNA expression might occur in response to
increased hyperpolarizing input and con-
sequent enhanced activation of this
channel.
It should be noted that, in addition to
reduced HCN1 mRNA levels in this im-
mature rodent model, concurrent in-
creased HCN2 mRNA expression, accom-
panied by slowed kinetics and shifted
voltage-dependentactivationcurvesofthe
cellular h-current in the depolarizing di-
rection (the latter perhaps attributable to
altered cellular cAMP or channel sensitiv-
ity thereto), led to increased bursting be-
havior in response to hyperpolarizing in-
put and a “hyperexcitable” hippocampus
(Dube ´ et al., 2000; K. Chen et al., 2001;
Brewster et al., 2002). Nevertheless, the
data suggested that transcriptional dys-
regulation of one or more HCN subunit
isoform expression might be involved in
themechanismsofdevelopmentofhuman
hippocampal epilepsy (TLE). Therefore,
they prompted analysis of HCN expres-
sion patterns in hippocampi from human
individuals with refractory TLE. These
studies were undertaken with the under-
standing that analysis of changes of HCN
mRNA expression early in the epileptogenic
process is not feasible in the human, so that
thefindingsin“end-stage”HShippocampus
might reflect “pro-epileptogenic,” compen-
satory, or even coincidental changes.
PotentialmechanismsforalteredHCN
mRNAexpressioninepileptic
“sclerotic” hippocampus
HCN1 and HCN2 mRNAs were expressed
in human hippocampal formation, in dis-
tributionsgenerallyconcordantwiththose
described for rodents. HCN1 mRNA was strongly expressed in
pyramidalcellsofCA1andinpresumedinterneuronsinthehilus
of the dentate gyrus, whereas signal over the GC layer was low.
HCN2mRNAlevelsweregenerallylowthroughoutthehippocam-
palformation.However,whereasdysregulatedHCNmRNAexpres-
sion occurred in human epileptic hippocampus, the changes dif-
fered profoundly from those associated with epileptogenesis in
immaturerodentmodels.Thus,inthedentategyrus,HCN1mRNA
expression was highly augmented in individual GCs of HS speci-
mens with a depleted GC layer. It should be noted that although
destruction of the GC layer in HS hippocampi is typically less pro-
nounced compared with CA1 and CA3c (CA4), significant reduc-
tion in neuronal densities commonly occurs (Figs. 1, 4) (Houser,
1990; Armstrong, 1993; Haas et al., 2002).
In the present study, a 50% reduction of GC density was an
apparent threshold for drastic upregulation of HCN1 mRNA ex-
pression. What mechanism(s) could underlie this rather abrupt
“break point?” It is tempting to speculate that the GC loss might
beamarkerofprofoundchangesininhibitory(hyperpolarizing)
and excitatory input onto the surviving GCs, and that these
changes, in turn, triggered the “neuroplasticity” in HCN mRNA
expression. Indeed, both reduced inhibition (Williamson et al.,
1999) and increased excitatory input have been documented in
humanhippocampuswithsevereHS(Isokawaetal.,1997;butsee
Figure7. ImmunoreactiveHCN1channelslocatedpreferentiallyinthemolecularlayerareupregulatedindentategyrusfrom
individuals with TLE and GC loss, indicating that the transcriptional regulation of HCN1 translates to abundance of channel
proteins.AandCshowtissuederivedfromepilepticpatientswithintactGClayer(mildHS).BandDdepictepileptichippocampus
withdisruptionoftheGClayer(severeHS)(seeFigs.2,3).HippocampalsectionsshowninAandBunderwentimmunocytochem-
istryforNeuNtovisualizethepresenceorlossofneuronsintheGCL,andthecelllossinthesevereHS(B)isevident.Ddemonstrates
enhancedimmunoreactiveHCN1inthelayerharboringtheGCdendrites,theML,comparedwithmildHS-derivedmaterial(C).In
thehumansurgicalmaterial,itisdifficulttoresolvewithcertaintywhethertheincreasedsignalintheGCLiswithinGCsomataor
interneuronalprocesses.Notethattheserepresentativesectionswerefromfreshsurgicalmaterial,permittingbetterimmuno-
histochemicalanalysis.Scalebars:A,B,100m;C,D,30m.
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result from the destruction of hilar inter-
neuronalpopulations,whereasthelatteris
probably a consequence of “sprouting” of
the GC axons, the mossy fibers (Franck et
al., 1995).
According to this scenario, in the face
of increased hyperpolarizing input from
intactinterneuronalpopulations(asinthe
early-life seizure study) (K. Chen et al.,
2001;Brewsteretal.,2002),HCN1mRNA
expression might decline. In contrast, loss
of interneurons (or their mossy cell affer-
ents)andconsequentreducedperisomatic
inhibition found in severe human HS hip-
pocampus, perhaps in conjunction with
enhanced dendritic excitation, might trig-
ger increased HCN1 mRNA expression.
Our findings in the well characterized pi-
locarpine model of chronic hippocampal
epilepsy support this scenario. As in the
human, we found strong upregulation of
HCN1 mRNA expression in individual
GCs; although, compared with the human
material, GC cell loss in this animal model
wasrelativelymodest(20%).However,the
GC loss was accompanied by a striking
(55%) reduction of hilar neurons (in-
cluding vulnerable mossy cells and inter-
neurons), consistent with the notion that
the loss of these populations and conse-
quent loss of inhibition (Kobayashi and
Buckmaster, 2003; Sloviter et al., 2003) might be an important
determinant of the increased GC HCN1 mRNA levels.
In addition to altered inhibition, the increased excitation in
the dentate gyrus circuit as a consequence of GC death and reac-
tivesproutingmightalsocontributetoHCN1mRNAregulation.
As better characterized in animal models, the majority of
sprouted mossy fiber contacts are onto neighboring GCs (Oka-
zaki et al., 1995; Wenzel et al., 2000; Buckmaster et al., 2002) and
primarily onto their dendrites (Buckmaster et al., 2002), so that
the surviving epileptic GC is subjected to enhanced dendritic
excitation(Isokawaetal.,1997).Teleologically,increaseddensity
ofHCN1channelscongregatingatthedendriticsubcellularcom-
partment (Lo ¨rincz et al., 2002), particularly if leading to in-
creased dendritic Ih, should provide a significant dampening ef-
fect on dendritic depolarization, “protecting” the soma from
excessive dendritic excitation (Magee, 1998; Poolos et al., 2002).
Thus, upregulation of HCN1 mRNA expression joins several
morphological, physiological, and neurochemical changes that
have been described in GCs from human HS hippocampal for-
mation (Isokawa et al., 1997; Jeub et al., 1999; Mathern et al.,
1999;Na ¨gerletal.,2000).Similarneuroplasticandcompensatory
changes, such as enhanced expression of the GABA-synthesizing
enzyme glutamate decarboxylase (Schwarzer and Sperk, 1995),
have also been reported in animal models of human TLE.
PotentialroleofdysregulationofHCN1mRNAexpressionin
thehumanepileptic process
BoththemechanismsleadingtoalteredHCN1mRNAexpression
in the HS hippocampus and potential consequences of this effect
cannot be addressed in human material, but correlations can be
made that can provide the foundation for testable hypotheses.
For example, the major correlation of GC HCN1 mRNA expres-
sion in HS hippocampi was with GC cell loss, and both parame-
ters tended to be higher in individuals with a history of early-life
seizures ( p  0.08 for GC density; p  0.1 for HCN1 mRNA
levels;p0.07forHCN1mRNAexpressionperindividualGCin
thisgroup,comparedwithindividualswithoutthisearly-lifehis-
tory). Thus, the strong tendency for correlation of early-life pro-
longed seizures and GC HCN1 mRNA expression was attribut-
able to the severity of pathological changes in these specimens,
suggesting potential causal relationships. It should be noted that
theageatseizureonset( p0.56)durationofepilepsy( p0.3),
ageattissueharvest( p0.9),orotherpatientcharacteristicsdid
notinfluencetheHCN1mRNAsignal.Thisfindingsupportsthe
biological specificity of the altered HCN1 mRNA expression in
GCsofepilepticHShippocampus,anotionfurtherbuttressedby
the rat model data.
Finally, these studies, looking at the “end stage” of human
intractableepilepsy,donotpermitdissectingoutcausalrelation-
ships. Thus, although teleologically logical, whether altered
HCN1 mRNA expression is a consequence of the loss of inter-
neurons, mossy cells, and GCs, of the resulting altered balance of
excitatory and inhibitory inputs onto surviving GCs, or of com-
binations of these and other factors, cannot be ascertained
(Swanson et al., 1998; Williamson et al., 1999). Similarly, the
consequences of selective increase in mRNA and protein expres-
sion of a single HCN isoform are impossible to fully predict. In
addition to the resulting altered gating properties of the cellular
complement of h-channels that might, in itself, lead to different
neuronalresponsesandnetworkexcitability,potentialchangesin
subcellular localization, other conductances, and numerous
other intrinsic and extrinsic factors are likely to play a role in
Figure 8. HCN1 mRNA expression is upregulated in GCs of the pilocarpine animal model of severe chronic epilepsy with
neuronalloss.Adepictsphotomicrographsofcoronalsectionsthroughthehippocampalformationofadultrats1monthafter
pilocarpine-inducedstatusepilepticus(whenallanimalshadspontaneousseizures)comparedwithcontrols.Significantincrease
ofHCN1mRNAsignalovertheGClayerisvisible,asquantifiedinB.Cdemonstratesthepatternofcelllossintheanimalmodel.
Whereas the GC population was significantly reduced (left y-axis; numbers are in thousands of GCs), it was accompanied by a
profoundlossofhilarneurons(righty-axis;absolutenumbers),suggestingthatlossofhilarmossycellsandinterneuronsmightbe
morecloselyrelatedtothesignificantupregulationofHCN1mRNAexpressioninindividualsurvivingGCs(D).SeeMaterialsand
Methodsforcalculationsofper-cellmRNAexpression.GC-Pilo,GC-Ctl,Hil-Pilo,andHil-Ctlrefertogranulecellandhilarneuronsin
thepilocarpine-treatedandcontrolgroups.Asterisksindicatestatisticalsignificance.
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expression on neuronal and network excitability. For example,
enhanced somatic HCN1 mRNA expression and the resulting
increase of overall h-current might contribute to the hyperexcit-
ability of the epileptic dentate gyrus (Coulter, 2001; Dalby and
Mody,2001).IncreasedIhmightenhancesynchronizationofGC
action potentials (Magee, 1999), at least partially by converting
inhibitory input (at select frequencies) on the GC somata into
increased neuronal firing (K. Chen et al., 2001). Therefore,
whereas the present study firmly establishes changes of HCN
expression as contributory to the human epileptic state, addi-
tional work in animal, in vitro, and computational models is re-
quired to decipher the mechanistic role of this “transcriptional
channelopathy” in the pathogenesis of human hippocampal
epilepsy.
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